Highly conserved microbial components such as lipopolysaccharide (LPS), lipopeptides (LPs), lipoteichoic acids (LTAs), and peptidoglycan (PGN) serve as markers for the recognition of pathogens by Toll-like receptors (TLRs) in mammals (4, 14, 19, 23, 24, 26, 28, 32) . The interaction of these components with TLRs on cells of the innate immune system induces the production of cytokines and other endogenous mediators essential for antimicrobial defense. TLR4 serves as signaling receptor for LPS (5, 15, 23) , and TLR2 serves as the signaling receptor for molecules such as LP, LTA, and PGN (22) . In mice, both TLR4-and TLR2-mediated responses to LPS and to bacterial LPs, respectively, can be strongly enhanced by priming with live or killed pathogens (9) (10) (11) , such as Propionibacterium acnes (13, 16) . This pathogen-induced hypersensitivity is gamma interferon (IFN-␥) mediated (8, 16) . Hypersensitive mice overproduce tumor necrosis factor alpha (TNF-␣) and interleukin-6 (IL-6) upon challenge and exhibit an enhanced susceptibility to the lethal activity of LPS, LP, and TNF-␣. Priming with P. acnes also induces a weak, IFN-␥-independent sensitization to Staphylococcus aureus and to components of gram-negative bacteria other than LPS (20) .
In this study, we analyzed the relative contributions of TLR2 and TLR4 to the bacterial induction of IL-6 and TNF-␣ in macrophages in vitro and in unsensitized and P. acnes-sensitized mice in vivo, using C57BL/10 animals deficient in TLR2, TLR4, or both. Wild-type C57BL/10ScSn and C57BL/6 mice and TLR4-deficient C57BL/10ScN (21, 29) mice were bred in the animal facilities of the Max-Planck-Institut. TLR2-deficient mice (30) , provided by Tularik, Inc., South San Francisco, Calif., were backcrossed six times to either C57BL/10ScSn mice to obtain TLR2 single-deficient mice or to C57BL/10ScN mice to obtain TLR2/TLR4 double-deficient mice. MyD88-deficient mice (1) were provided by S. Akira (Research Institute for Microbial Diseases, Osaka, Japan). Heat-killed Salmonella enterica serovar Typhimurium and P. acnes (strain ATCC 12930) were prepared as described previously (25) . A laboratory strain of S. aureus and two fresh clinical isolates of methicillin-sensitive S. aureus, provided by K. Pelz and R. Engelhardt (Institute for Medical Microbiology and Hygiene, Freiburg, Germany), were used. The bacteria were grown overnight in Trypticase soy broth (Difco Laboratories, Detroit, Mich.) at 37°C and then washed and heat killed (56°C for 1 h).
IL-6 and TNF-␣ responses served as a measure of macrophage sensitivity to the bacterial agents used. Mouse macrophages obtained in vitro from bone marrow precursors (7) were stimulated in triplicate with graded amounts of bacterial components or whole bacteria (in 10 l per well), and culture supernatants were collected 4 and 24 h later for TNF-␣ and IL-6 measurements, respectively. TNF-␣ in cell supernatants was measured with a bioassay (2, 6) , and IL-6 was measured with an enzyme-linked immunosorbent assay (PharMingen, San Diego, Calif.). Figures 1 and 2 show the results obtained with macrophages from wild-type and TLR2-and TLR4-deficient mice stimulated with different agents. There was a strict requirement for TLR4 and TLR2 in the responses of the macrophages to LPS and LP, respectively (Fig. 1 ). As expected, LPS of S. enterica serovar Typhimurium (12) induced dosedependent IL-6 and TNF-␣ responses ( Fig. 1 , left) only in wildtype and TLR2-deficient macrophages, while LP (Pam3Cys-Ser-Lys4; EMC Microcollections GmbH, Tübingen, Germany) induced such responses only in wild-type and TLR4-deficient cells ( Fig. 1, right) .
The cytokine responses to S. enterica serovar Typhimurium were mediated predominantly by TLR4 and to a minor extent by TLR2 (Fig. 2, left) . The responses were markedly lower in the absence of TLR4 but not in the absence of TLR2. The concomitant absence of both receptors further reduced the TNF-␣ response and abolished the IL-6 response completely. Results similar to these were also obtained with heat-killed Escherichia coli, Proteus mirabilis, Pseudomonas aeruginosa, Pseudomonas saccharophila, S. enterica serovar Minnesota S form, S. enterica serovar Minnesota R595 (Re), S. enterica serovar Typhi, and S. enterica serovar Enteritidis (data not shown).
Thus, LPS plays a dominant role in the cytokine response of macrophages to gram-negative bacteria. Furthermore, almost the entire cytokine-inducing activity of gram-negative bacteria in macrophages is TLR4 and TLR2 dependent.
The IL-6 and TNF-␣ responses of the different types of macrophages to S. aureus were not significantly different, regardless of the presence or absence of TLR2 or TLR4, (Fig. 2) . This was true for different experiments in which a laboratory strain and two fresh clinical isolates of S. aureus were used. This indicates that the activation of macrophages by S. aureus is independent of TLR2 and TLR4.
To the contrary, in a previous study (27) , TLR2-deficient macrophages produced reduced amounts of TNF-␣ and IL-6 in response to heat-killed S. aureus. Of note, in the study described above, different type of macrophages were used, only a single dose of bacteria was examined, and there was no information about whether the TLR2-deficient mice used were backcrossed to a defined background. However, that study also indicated the involvement of an additional signaling receptor(s) in the response to S. aureus.
MyD88 is an important adapter protein common to signaling pathways via members of TLR family (17) . We therefore examined the responsiveness of MyD88-deficient and wild-type macrophages to S. aureus. As shown in Fig. 3 , the absence of MyD88 completely abolished the IL-6 and TNF-␣ responses of macrophages to S. aureus. This shows, in agreement with previous results (27) , that a MyD88-dependent signaling pathway is essential for the recognition of S. aureus and suggests the involvement of a TLR distinct from TLR2 and TLR4.
Generally, macrophages may be divided into different types with distinct biological properties according to their location and function (18) . It may therefore be assumed that the relative importance of TLRs for bacterial recognition is different in different macrophage types and might at least in part differ from that in the macrophages used in the present study. Furthermore, in vivo, in addition to macrophages, other cell types may contribute to the cytokine release induced by bacteria. For this reason, we also investigated the importance of the two TLRs in the systemic cytokine response of mice to S. enterica serovar Typhimurium and S. aureus. Groups of unsensitized and P. acnes-sensitized (16) wild-type and TLR4-, TLR2-, and TLR4/TLR2 double-deficient mice were challenged intrave- nously with different amounts of bacteria. Thereafter, TNF-␣ and IL-6 responses were determined in plasma collected 1 and 2 h after challenge. In unsensitized mice, the absence of TLR4 substantially reduced the cytokine response to S. typhimurium (Fig. 4 ). An additional absence of TLR2 in TLR2/TLR4 double-deficient mice lowered this response further (P values for comparison of TNF-␣ response of TLR4-deficient to TLR2/ TLR4 double-deficient mice: 15 g/g, 0.024; 3 g/g, 0.002; and 0.6 g/g, 0.0096). Generally, P. acnes-sensitized mice challenged with S. enterica serovar Typhimurium produced higher cytokine levels than the respective unsensitized animals (Fig.  4) . The absence of TLR2 alone had no effect on the enhanced responses to S. enterica serovar Typhimurium, while the absence of TLR4 substantially reduced these responses. Furthermore, the combined deficiency of both TLRs resulted in an extensive loss of responsiveness. Altogether, the results obtained in vivo and in vitro show that the cytokine responses to gram-negative pathogens are dependent predominantly on TLR4 and, to a much lesser extent, on TLR2. The identities of the TLR2-dependent ligand or ligands of gram-negative bacteria were not addressed here, but lipoproteins are likely candidates (3, 33) . The secondary role of TLR2 may be explained Wild-type, TLR4-deficient (def.), TLR2-deficient, and TLR2/TLR4 double-deficient mice (6 to 9 animals per group) were injected intravenously with P. acnes (25 g/g of body weight) or remained untreated (control). Seven days later, all mice were challenged with different amounts of S. enterica serovar Typhimurium. Plasma was collected 1 h (TNF-␣) and 2 h (IL-6) after challenge. by a low concentration or little accessibility (31) of the respective ligands in bacteria. Alternatively, the signal transduction efficacy of the TLR2 in bone marrow-derived macrophages may be lower than that of TLR4. The finding that the synthetic LP was less efficient than LPS in inducing cytokines in macrophages supports this idea.
The inducibility of enhanced cytokine responses to S. enterica serovar Typhimurium in P. acnes-primed TLR2-deficient mice excludes a major role for TLR2 in the actual mechanism of sensitization. A major role for TLR4 in sensitization was excluded earlier (20) . This is useful information, since the innate receptors involved in the P. acnes-mediated sensitization have not been identified yet.
S. aureus (Fig. 5 ) was a much weaker inducer of TNF-␣ and IL-6 than S. enterica serovar Typhimurium (Fig. 4) in P. acnesprimed and unprimed mice, respectively. Furthermore, the responses of primed and unprimed TLR2-, TLR4-, and TLR2/ TLR4 double-deficient mice were not reduced (Fig. 5) , indicating that the latter were neither TLR2 nor TLR4 dependent. TLR2-independent cytokine induction by S. aureus is also strongly suggested by the weak activity of S. aureus in P. acnesprimed mice. As shown previously, P. acnes priming strongly enhances TLR2-mediated cytokine responses by 2 orders of magnitude (20) .
In conclusion, a MyD88-dependent receptor or receptors distinct from TLR2 and TLR4 are implicated in the induction of TNF-␣ and IL-6 by S. aureus. Consequently, TLR2-dependent components such as PGN and LTA are not involved in this effect. An attempt to identify the receptor in question by using HEK293 cells ectopically expressing one or more different TLRs (TLR1 to -9) together with CD14 and MD-2 so far has been unsuccessful (data not shown). However, a possible lack of unknown coreceptor molecules in HEK293 cells might have been responsible. Further investigations are required to identify the receptors involved in the cytokine responses of S. aureus.
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FIG. 5.
Role of TLR4 and TLR2 in the TNF-␣ and IL-6 response to S. aureus in unprimed and P. acnes-primed mice. Wild-type, TLR4-deficient, TLR2-deficient, and TLR2/TLR4 double-deficient mice (6 to 9 animals per group) were injected intravenously with P. acnes (25 g/g of body weight) or remained untreated (control). Seven days later, all mice were challenged with S. aureus (15 g/g of body weight). Plasma was collected 1 h (TNF-␣) and 2 h (IL-6) after challenge.
